ABSTRACT The translucency of terahertz wave through many polymer composite materials, particularly foams, makes it a good complement to another nondestructive testing (NDT) methods. Terahertz timedomain spectroscopy (THz-TDS) technology can obtain amplitude and phase information simultaneously. It is a powerful tool for nondestructive testing of foam materials to embody the depth information of defects while acquiring defect location, size, and nature. In the process of NDT, the refractive index is one of the important factors that affect the detection effect. In previous studies, the effective refractive index of polymethacryl imide (PMI), a commonly employed foam material, in the THz band is found to be very close to that of air. However, based on systematic measurements of the THz spectra and scattering parameters of PMI with a variety of thicknesses and densities, it is found that THz attenuation in PMI has a strong frequency dependence and that the size of the particles making up the material has a great influence on the attenuation: the larger the size of the micro particles and the faster the attenuation of the THz wave. This paper attempts to explain this phenomenon through combined experimental study and theoretical analysis, supported by the numerical simulation based on the Mie scattering model.
I. INTRODUCTION
Advanced polymer foam materials, such as PMI foam, have obvious advantages in terms of their excellent mechanical properties, simple design of processing technology, environmental stability, compatibility with most substrate materials, and strong flame retardation capability. As such, they have been widely used in many high-tech fields. However, in the The associate editor coordinating the review of this manuscript and approving it for publication was Bora Onat. production and service process, the foam core material and sandwich structures inevitably acquire various defects. Such is the case in aerospace and other high security applications, where non-destructive testing of PMI and its composite structure is essential [1] . Therefore, it is necessary to develop nondestructive testing technology to ensure the safety of foam core materials and sandwich structures. However, the lightweight, low-density, and highly porous nature of PMI foam materials make X-ray almost transparent to foam materials and defects, and the defects imaging of voids or inclusions are ineffective with X-ray CT. On the other hand, THz wave is translucent to these materials, yet provides enough contrast even in foam-based structures, showing great potential in non-destructive testing of such materials [2] - [4] . Research on related technologies has been carried out by major research establishments at home and abroad, especially NASA, who, because of the grave impact of the 2003 shuttle accident, has embarked on a comprehensive program of using THz for NDI of polyurethane foams. The preparation and application of advanced foam core materials have brought new research topics to the terahertz nondestructive testing [5] , [6] .
In the process of NDT, the refractive index is one of the important factors that affect the detection effect. Previous studies have shown that the effective refractive index of PMI in terahertz band is very close to the refractive index of air [7] . However, based on the systematic measurements of THz spectra and scattering parameters of PMI with various thicknesses and densities, it is found that PMI exhibits a strong frequency dependence in terms of THz attenuation. At the same time, it is found that the size of micro-particles making up the foam has a great influence on the attenuation of PMI as well, and the larger the size of micro-particles, the faster the THz wave attenuates.
It is anticipated that the structural characteristics of foams will cause difficulties in testing. When the characteristic microstructure dimension of the material is close to the terahertz wavelength, the strong scattering effect will cause the loss of terahertz pulse energy and reduce its transmission. In addition, the interlaminar fusion lines of foam materials often affect the detection of phase change, even make the phase elimination phenomenon disappear, which increases the difficulty of analysis to certain extent. Furthermore, thicker foam material increases the difficulty of detecting the internal defects of a sandwich structure with foam as its core material. At present, the solution of the above problems is not yet mature, and further research on model building and data analysis is still needed. To that end, the analysis of the effect of foam microstructure on NDT provides a powerful basis for manufacturers and research institutions to optimize their product design and production process. Therefore, it is of great significance to improve the qualitative and quantitative understanding of non-destructive testing of foam materials based on the interaction between microstructure and terahertz wave.
Besides the thickness, it is found that the scattering of terahertz waves by foam is mainly dictated by its internal microstructure, and the interplay of the size of scatterers and the wavelengths of the THz radiation. The internal microstructures, ranging from tens of microns to submillimeters, are fortuitously coincident with the wavelengths of terahertz radiation involved. Consequently, the scattering process is dominated by Mie mechanism to a great extent. To support this reasoning, four PMI foam models are analyzed by combining experimental data with spectral characteristics calculations. The cutoff frequency, refractive index and extinction coefficient of terahertz transmission at a given thickness are obtained. The dependence of scattering on the diameter, density and distribution of microstructures is obtained by comparing the Mie theoretical modeling analysis with the experimental data.
The second section introduces the relevant background based on Mie scattering theory. In the third section, a brief description of the THz-TDS system parameters and the samples detected in the experiment are given. Then, the validity of Mie theory in scattering analysis of PMI microstructure is verified by comparing experimental data with numerical simulation results. The results are discussed in the fourth section. Summary and conclusion are given in the final section.
II. THEORETICAL BACKGROUND
According to the results of previous studies, with increasing frequency, the THz extinction of granular Ammonium Nitrate with different grain sizes changed more slowly than expected of Rayleigh scattering which depends on the fourth power of frequency [6] . On the other hand, the Mie scattering theory, which is more general in dealing with spherical grains of arbitrary size in comparison with the wavelength of the radiation, is considered more appropriate for clarifying this phenomenon in the extinction spectra [7] . As shows in Fig.1 , the incident light intensity of completely polarized light I 0 and the wavelength of λ impinges on the isotropic spherical particle along the Z axis. The angle θ is the scattering angle; r is the radius of the sphere or microstructure; φ is the angle located in the polarization planes of the incident and scattered waves. We can find the light intensity I r , I l and I s corresponding to the vertical, parallel to the scattering plane, and the total scattered light intensity, respectively [7] :
where
are scattering intensity functions, s 1 (θ) and s 2 (θ) are scattering amplitude functions, with
where a m ,b m are Mie scattering coefficients. In order to obtain the Mie scattering light intensity functions i 1 (θ) and i 2 (θ), the key is to solve for the scattering coefficients a m , b m . π m and τ m are the functions of the Legendre polynomials, which are only concerned with the scattering angle θ.
The transmission intensity through single layer particles can be expressed as [8] :
In the above formula, I 0 means the incident intensity, L the layer thickness, λ and β(λ) the wavelength and the material's extinction coefficient of this layer. This parameter mainly describes the attenuation ability of material to the incident wave energy at a fixed wavelength. It is a function of N and S. They represent the density of space particles and the extinction section of each particle respectively. When all particles are of the same material and size, meanwhile the coupling between them can be neglected, the extinction coefficient for a single particle can be expressed as
For a group of particles of different sizes, the above expression can be generalized to
where f (D) is called the distribution function of the particle diameters D. In order to calculate β(λ), one has to resort to specific forms of S(λ, D) and f (D). When the particles are spherical, S(λ, D) is given by Mie theory as
In the present experimental set-up, the incident THz field is p-polarized. Hence, the theoretical extinction coefficient can be solved by the functions (4) and (5) with θ = 0(s 1 (θ) = s 2 (θ ), for θ = 0) and is calculated by (c is the wave speed in vacuum, f the frequency),
Here n means the particle material's complex refractive index, u = nx, x = π D/λ. The functions ψ m (z) and ζ m (z) are given respectively as
where j m and y m denote the first and second species of spherical Bessel functions, respectively, both satisfying two iterative formulas below
and
Hence we get
Using the first two spherical Bessel functions whose analytical forms are known
one can generate the rest of the functions in the sequence. Thus the scattering coefficient can be obtained, which in turn leads to S(λ, D). It seems reasonable to assume that the granular material is composed of particles whose sizes (diameter D) follow a normal distribution around some mean value. The following lognormal function has been adopted for artificial powders [9] :
where η and σ are the mean value of the logarithmic diameter, and the standard deviation from it, respectively. Material extinction coefficient is regarded as the total absorption of incident light by materials, which includes two parts: the intrinsic absorption of materials and the external loss related to scattering. In this work, extinction coefficient is obtained by the following expression [8] , [9] ε(ω) = − ln E sample (ω)
where E reference (ω) is the reference frequency-domain signal without any sample, E sample (ω) is the frequency domain signal with the sample.
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The absorption coefficient A(ω) is given as the extinction coefficient divided by the thickness of the sample [9] 
In transmission mode, the formula for refractive index as a function of frequency is given by
In the formula above, ϕ(ω) denotes the phase difference between the reference and the sample signals, ω means the angular frequency, L the thickness of the sample. 
III. EXPERIMENTAL SETUP AND MATERIALS
The samples were investigated by THz spectroscopy in the transmission mode, using a T-Ray 5000 THz-TDS system (API, USA). Fig.2 shows a schematic diagram of the THz system used for the spectrum in the transmission mode. The THz pulse is generated by an InAs wafer pumped by a Ti: sapphire laser and the center wavelength of the femtosecond laser pulse is 1064 nm. Firstly, the original femtosecond laser is separated into two parts by the beam splitter: a pump and a probe beam. The pump beam is delayed and then focused on the THz emitter. Using the parabolic mirrors, the THz emitter generates THz wave which is focused onto the THz detector through the sample. The pulsed laser-based technique uses photoconductive antennas to allow THz radiation to be both generated and detected coherently at a high signal-to-noise ratio (SNR). The time-domain signal is detected and the acquired data are transmitted to the computer for fast Fourier transform and subsequent processing [11] , [12] .
The main technical parameters of the system include the spectrum resolution (12.5 GHz), the spectrum range (0.1-3.5 THz), the signal-to-noise ratio at low frequency which was better than 70 dB, the signal-to-noise ratio at high frequency being about 30 dB, the observation window in time-domain (0-80 ps), and the time resolution (0.1 ps). The fast scanning rate was 1 kHz and the focal spot diameter was 1.2 mm.
The PMI foam samples were purchased from Evonik Specialty Chemicals (Shanghai) Co., Ltd. The models are Rohacell 51HF, 71HF, 51WF, and 71WF. We used the same thickness 10 mm to investigate the relationship of scattering with different microstructure diameters. In a second experiment, we examine the power spectrum density (PSD) as a function of the foam thickness, where the THz wave attenuation and the -75 dB stop frequencies were analyzed. The PMI foam sample thicknesses considered were 3 mm, 6 mm, 12.5 mm, 25 mm, 25.4 mm, 37.9 mm, and 50.8 mm. Table 1 summarizes the major attributes of the samples, containing models, material designation, micro-structure diameter and density. The microstructure and density data of the foam materials are obtained directly from the manufacturer specifications. The Micro-structure scanning electron microscope photographs of the samples are shown in Fig.3 .
IV. RESULTS AND DISCUSSION
The THz-TDS technology has the advantage of simultaneously obtaining the amplitude and phase information of the interaction between the sample and the THz field. The nominal thickness is obtained by THz-TDS detection on each sample at ten different locations. The experiment was carried out in a sample chamber filled with nitrogen to avoid the absorption of THz wave by water vapor, and the humidity was much lower than 5%. Firstly, the reference waveform is measured without samples or with samples of known dielectric properties, and then the signal of THz radiation interacting with samples is measured. In the present case, the reference signal was obtained with nothing in the beam path, and the sample signals were the signals through different samples. The time-domain waves of reference and four model PMI samples with 10 mm thickness are shown in Fig.4 and the PSD are shown in Fig.5 .
Based on the power spectral density curves in Fig.5 , we can distinguish the same thickness PMI samples with different microstructure diameters. According to the Table 1 , the micro structure average diameters of the four model PMI foam samples are about 120 µm for 51HF, 160 µm for 71HF, 460 µm for 51WF, and 550 µm for 71WF, respectively. We obtained the absorption coefficient using Eq. (22) , as shown in Fig.6 .
The strongest absorption occurs with 71WF, and that the smaller the micro particles the weaker the absorption. Using Eq. (23), we obtain the refractive index, as shown in Fig.7 . Straightforward calculations give almost constant values (close to the index of refraction of air) for the refractive index of 1.0271 for 51HF, 1.0379 for 71HF, 1.0412 for 51WF, and 1.0549 for 71WF, without any discernable dispersion in the frequency region investigated [13] . It can be seen from the PSD that the attenuation of 71WF beyond 1 THz is more than -100 dB, so its refractive index for frequencies higher than 1 THz cannot be obtained in the normal way. However, there is no reason to expect it to change drastically from its values below 1 THz. The slight change of refractive index calculated (1.5%, greater than the uncertainty of the experiment) may be due to the inhomogeneity of the sample or irregular microstructures. The absorption coefficients of 51HF and 71HF remain less than the value of 2 cm −1 , and for 51WF and 71WF, in the band below 2 THz, they remain lower than the value of 5 cm −1 . The accuracy of refractive index and absorption coefficient measurement is 1.5% and 4.5% respectively. The fundamental reason for the low refractive index of foam is mainly due to the low average mass density of the material, and the main contributor to extinction is considered to be mainly due to scattering rather than absorption. This latter reasoning is corroborated by the fact that the extinction coefficient changes with the diameters of the PMI microstructures and the density of the material, as shown in Fig.8,9 .
The higher the frequency, the stronger the influence of the diameter of the micro structure on the absorption coefficient. The impact of the material density on the refractive index is shown in Fig.9 . With increasing sample thickness, the micro particle diameter will influence the stop frequency (defined to be 75 dB attenuation from the maximum of the PSD) more seriously, as shown in Fig.10 .
The relationship between the sample thickness and the transmitted power is an exponentially decaying one according to the Beer-Lambert Law, and the decay rate for a given PMI foam sample is higher when the diameter of the microstructure of the sample is larger (see Fig.8 ). We rationalize the cause of this result as related to the PMI foam microstructure scattering of THz radiation. As the sizes of the micro-particles are comparable to the wavelengths of the THz radiation in the spectral region under consideration, it is appropriate to invoke the Mie scattering theory, which was briefly introduced in Section 2.
The main feature of the theory deals with the extinction by a single or a number of spheres, which we now apply to the present situation of microstructured PMI samples. For convenience, we have recast equations (11) and (12), respectively, in the following forms [9] , [15] 
First, we use Eq. (9) to calculate S(λ, D). Then we bring the result into Eq. (10), which, combined with Eq. (8), along with the particle size distribution function given by Eq. (20), will result in the extinction coefficient. The distribution function of diameters of the spheres used in the calculation is parametrized by η = 1.02 and σ = 0.2 for 71WF; η = 1.155 and σ = 0.2 for 51WF; η = 1.045 and σ = 0.2 for 71HF; η = 1 and σ = 0.2 for 51HF. These are obtained according to the manufacturer's specifications as well as our independent microscopic observations. Our simulation results, along with the experimental data for comparison, are shown in Fig.11 , where it is obvious that if the diameters are smaller than 200 µm, the extinction coefficient does not change rapidly within the frequency band under consideration. Otherwise, the extinction coefficient will change rapidly, such as in the case of 71WF and 51WF. The above simulation process was carried out using MATLAB programming [7] , [14] , [15] . As can be seen that the application of Mie scattering theory to explain the extinction phenomenon of THz wave propagating through PMI foams is quite reasonable, as demonstrated by the consistency between the theoretical predictions and the experimental results, affirming our original hypothesis that the THz extinction results mainly from scattering rather than absorption [18] - [23] .
The practical use of the analyzed method in the glass fiber foam sandwich structure NDT studies is as below.
In this nondestructive testing example, 51 WF and 51HF with thickness of 25.4 mm are used as core materials to construct sandwich structure and pre-set defects. They are shown in figure 12 .
According to the absorption coefficient spectra and power spectrum density obtained in transmission mode, which are shown in the figure 13. In the case of the same thickness, the foam core with larger microstructures attenuates the incident light obviously and the effective analysis frequency band is narrower. This is consistent with the conclusions of this study. In short, the internal microstructures of foam cores with the sandwich structure are direct effect on the effective frequency range for THz NDT.
V. CONCLUSIONS
We have carried out a systematic experimental investigation of PMI foams of various thicknesses in terms of their THz transmission spectroscopic properties and complex dielectric permittivity in order to assess the applicability and merits of THz as a NDT tool for such polymer materials. In this, we have determined both the index of refraction and the optical extinction coefficient of a class of PMI foams. In general, we found that the former is very close to that of air, a result expected based on the porous and light-weight nature of these materials. On the other hand, the extinction showed a pronounced frequency dependence which was correlated with the micro-particle (thought to be the main constituent of the material) size that can readily be rationalized with the Mie scattering theory. This hypothesis was demonstrated to be valid through a careful simulation, in which we consider dielectric spheres whose diameters follow a log-normal distribution as scatterers of the incident THz radiation. Both the size/wavelength and material density dependencies of the THz transmission spectroscopic characteristics found experimentally were recreated by the Mie scattering model. The work presented here should be useful in guiding further studies of THz spectroscopic imaging techniques as effective NDT tools for composite structures having PMI foams as components, or for online quality control during the manufacture process of these and similar polymer materials. 
